Biaxially textured polycrystalline thin films consist of grains that are preferentially aligned both out-of-plane (perpendicular to the substrate surface) as well as in-plane (parallel to the substrate surface). The latter results in formation of low energy grain boundaries, which leads to a microstructure that resembles that of single crystals. 1 This makes biaxially textured films suitable as buffer layers for highly oriented superconducting [1] [2] [3] and semiconducting [4] [5] [6] films. The majority of polycrystalline films are today synthesized by vapor condensation with the vapor flux typically arriving parallel with respect to the substrate surface normal at kinetically limited growth conditions. 7 This leads to nucleation of atomic islands with random out-of-plane and inplane alignments as long as no epitaxial relationship exists between deposit and substrate. 8 As islands grow in size they start to impinge on each other which, at conditions (e.g., substrate temperature) that only allow for surface diffusion to be active (also referred to as zone T conditions 9 ), initiates a competitive growth process. In this process, islands with the surface that offers the longest adatom residence time, i.e., lowest diffusivity, have a higher probability to trap adatoms that diffuse on both sides of a grain boundary. 10, 11 Those islands thus capture more adatoms and overgrow all other islands. This leads to the development of a preferred out-ofplane orientation, while leaving the in-plane orientation unaffected, i.e., random. Such films are referred to as being fiber textured.
Deposition at an angle other than zero with respect to the substrate surface normal (referred to as off-normal growth or inclined substrate deposition) leads to a directional three-dimensional (3D) net flux of vapor and a twodimensional (2D) net flux of adatoms on the surface of the growing film. The latter flux arises since adatoms preserve their momentum component along the substrate surface, and thus possess a preferred diffusion direction. 12, 13 Both 3D and 2D net fluxes have been suggested to cause a preferred inplane alignment due to differences in the adatom capture cross sections that different in-plane oriented islands exhibit. 9, 14, 15 However, the capture of the 2D flux is believed to be the main mechanism that determines the in-plane grain orientation. 9, [16] [17] [18] To explain the occurrence and predict the type of biaxial texture arising from the directed 2D adatom flux, Mahieu et al. 9 developed a model that calculates the 2D flux capture cross section-referred to as capture length-for grains with different in-plane orientations. These calculations consider a single adatom diffusion direction and a faceted crystal of a given out-of-plane orientation that is rotated around its outof-plane normal to yield different in-plane orientations. 9, 17, 18 The orientation that maximizes the capture length should capture more adatoms and overgrow all others. of out-of-plane and facets orientations, e.g., an [111] outof-plane oriented cubic crystal with {100} facets, have predicted that two different in-plane alignments possess the same maximum capture length. 9 This means that two different in-plane alignments, with the same out-of-plane orientation, are predicted to concurrently evolve. However, in all experimental reports on films with the above-mentioned orientation and facets, such as MgO and TiN, only one of the predicted in-plane alignments is observed.
9,19-21 Double in-plane alignment has only been reported by Deng et al. 22 for AlN films grown at a vapor flux incidence angle of 45 which changes into a single in-plane alignment for larger vapor incident angles. The reason for the discrepancy between experimental data and model predictions is still unknown.
The model developed by Mahieu et al. 9 calculates the capture length and predicts the type of in-plane alignment by considering only grains that exhibit an out-of-plane alignment that corresponds to the dominant out-of-plane texture. This means that the effect of differently out-of-plane oriented grains on in-plane orientation selection during island growth, impingement, and competitive growth is not taken into account. In this letter, we compile and implement an experimental strategy which yields growth conditions that are consistent with the main assumptions of the in-plane orientation selection model. This is achieved by the off-normal growth of a Cr film on a fiber textured Ti epilayer to select the film out-of-plane orientation while maintaining a random in-plane alignment during nucleation. Our results reveal a double in-plane alignment, which is shown to be consistent with capture length calculations performed here following the procedure proposed by Mahieu et al. 9 This is to be compared with Cr grown on Si substrates where a single in-plane alignment is obtained, even though capture length calculations yield qualitatively similar predictions as those in the case of the Cr film grown on the Ti epilayer.
Films were grown in a vacuum chamber with a base pressure of 8 Â 10 À6 Pa on Si (100) substrates with a native SiO 2 layer. Two magnetrons were used for the depositions, where one was facing the substrate and the other was positioned perpendicular to the substrate surface normal. A circular Ti target with a diameter of 50.8 mm was mounted on the former magnetron and an identically sized Cr target on the latter one. The target-to-substrate distance was $90 mm in both cases. Argon was used as sputtering gas at a pressure of 0.67 Pa to grow films using direct current magnetron sputtering (MDX 1 K, Advanced Energy). Average powers of 100 and 150 W were employed for Ti and Cr, respectively. Cr films with a thickness of $1 lm were grown at otherwise identical deposition conditions either onto the Si substrates or on a $120 nm Ti epilayer that was deposited on the Si substrates prior to the Cr film. X-ray diffractometry (XRD, Philips X'Pert) was used to study the film texture (using pole figure measurements), while transmission electron microscopy (TEM, FEI Tecnai G2) was utilized to study the film microstructure.
Figures 1(a) and 1(b) show cross-sectional TEM micrographs of Cr films with and without the Ti layer, respectively. In both films, a columnar microstructure is observed in which columns are tilted towards the direction of the vapor source in agreement with a previous work of ours. 23 Intra-columnar voids are also observed at larger thicknesses in both films (see insets in Figs. 1(a) and 1(b) ), which is indicative of a limited surface diffusion. 24, 25 High resolution TEM of the Cr/Ti interface in Fig. 1(c) shows that Cr grows epitaxially on the Ti layer and the epitaxial relationship is determined to be Cr(110)//Ti(0002), 26 which is observed consistently along the interface. Note that this yields domain epitaxy 27 in the Cr[1 10]//Ti[1 100] directions where the position of every fifth Cr atom matches that of every fourth Ti atom. The evolution of the selected area electron diffraction patterns for the same two Cr films is shown in Figs.  1(d)-1(g) 28 which is consistent with the fact that the Ti epilayer is fiber textured. 26 In the case of the Cr film grown directly on the SiO 2 /Si substrate, the rings signify randomly in-plane and out-of-plane oriented islands during nucleation, which is expected for metals growing on amorphous SiO 2 substrates. 8 At higher thicknesses, the selected area diffraction patterns change into discrete spots (see Figs. 1(e) and 1(g)), which means that some grains are overgrown by others in a competitive growth process.
To evaluate the texture arising from this overgrowth we recorded XRD pole figures, by varying the sample tilt angle w and the rotation angle / for a given (hkl) reflection. The and
, and n þ 305 , where n is an angle that depends on the in-plane alignment. 26 The corresponding (200) pole figure should then consist of two oppositely positioned poles at w ¼ 45 and / ¼ n þ 0 and n þ 180 . 26 Here, n ¼ 0 is defined to correspond to a projected [110] out-of-plane oriented crystal aligned with its long diagonal perpendicular to the flux direction as depicted at the bottom of Fig. 2 . 26 Accordingly, n ¼ 90 corresponds to the same rhombusshaped projected crystal aligned with its short diagonal perpendicular to the flux direction (also depicted at the bottom of Fig. 2 ). Comparing the expected positions of the two (200) poles with the four found experimentally in Fig. 2(b) , it is evident that two different in-plane alignments, rotated 90 with respect to each other, are present within the film. , and 180 are also depicted above the plot. At these angles, the capture length exhibits maxima, where the maxima at x ¼ 0 and 180 correspond to the same in-plane alignment due to crystal symmetry. It is also seen that the maximum at x ¼ 90 exhibit $70% of the value at x ¼ 0 , i.e., the latter in-plane orientation is more favored. Fig. 2(b) ) for w ¼ 45 and / ¼ 180 À 360 (dashed blue line). The corresponding in-plane alignments of the projected crystal are depicted above the plot. Yellow squares and red dots correspond to more and less favored in-plane alignments, respectively, as observed in Fig. 2. out-of-plane oriented Cr film (Fig. 2) reveal that the more intense poles (n ¼ 0 , marked with yellow squares) correspond to the more favored alignment in the capture length calculations (x ¼ 0 ). The same is also true for the less intense poles (n ¼ 90 , marked with red dots), which correspond to the less favored in-plane alignment (x ¼ 90 ). In order to better illustrate this, the intensities of the two different in-plane alignments were extracted from the Cr (200) pole figure (Fig. 2(b) ), where the two orientations are easily distinguished for w ¼ 45 in the range / ¼ 180 À 360 (or correspondingly / ¼ 0 À 180 , which yields equivalent inplane alignments). The normalized intensity is represented by the dashed blue line in Fig. 4 , where it can be seen that the plot of the experimentally obtained in-plane alignment follow the same trend and behaviour as that predicted by capture length calculations. Thus, the existence of a double in-plane alignment in a Cr film grown on a fiber textured Ti epilayer corroborates the in-plane selection model proposed by Mahieu et al., 9 assuming only competitive growth with respect to the in-plane alignment. Moreover, the evolution of the selected area diffraction patterns of the Cr/Ti film (Figs. 1(d) and 1(e)) show that the in-plane alignment does not evolve directly at the interface. This suggests that capture of the directed 3D vapor flux is also relevant for determining the in-plane alignment. For this reason, we also calculated the 3D capture cross section of the [110] out-of-plane oriented crystal. 26 The calculation shows the same trends as those observed for the 2D capture length in Fig. 4 for vapor flux incidence angles larger than $70
and are thus also consistent with the occurrence of a double in-plane alignment.
The findings presented above are to be compared to the Cr film where grains with different out-of-plane orientations are present during the initial film formation. For an [111] out-of-plane oriented crystal with {110} facets the capture length calculation yielded qualitatively similar results to those for the [110] oriented crystal (see Fig. 4 ), i.e., three maxima at x ¼ 0 , 90 , and 180 (x ¼ 0 and 180 correspond to the same in-plane alignment due to symmetry) with the one at x ¼ 90 being less favored ($60% of the value for x ¼ 0 ). 26 Compared to the in-plane alignment extracted from the pole figures of the Cr film grown directly on the Si substrate with an [111] out-of-plane orientation (see Fig. 3 ), only the in-plane alignment that corresponds to the longest capture length is observed. This is consistent with the commonly accepted notion that islands with other in-plane alignments are overgrown. 9 Since the latter is not the case for the Cr/Ti film where only in-plane competition is present, we suggest that the existence of grains with an out-of-plane orientation different than the dominant one during island growth and impingement changes the shadowing conditions and adatom/vapor capture conditions, affecting the resulting in-plane alignment. This in turn may explain the discrepancy between the in-plane selection model by Mahieu et al. 9 and experimental results on in-plane orientation of biaxially textured films.
In summary, we compiled and implemented an experimental strategy that provides growth conditions consistent with the key assumptions of the in-plane orientation selection model for biaxially textured films proposed by Mahieu et al. 9 The model predicts in-plane alignment by considering faceted grains that all exhibit the same out-of-plane orientation overlooking the fact that in vapor condensation experiments out-of-plane orientation first is determined during the competitive growth process. Here, we grow a Cr film offnormally onto a fiber textured Ti (0002) epilayer in order to preset a Cr (110) out-of-plane orientation while still maintaining a random in-plane alignment. Our results reveal a biaxially textured Cr (110) film that possesses a double inplane alignment, which is demonstrated to be consistent with the predicted in-plane alignments from capture length calculations in the model. The experimental strategy presented herein can be used to gain insight on the atomistic mechanisms that determine in-plane orientation selection, which, in turn, is relevant for improving modeling approaches and tuning microstructure of biaxially textured thin films in a knowledge based manner.
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